1. Introduction {#s0005}
===============

Many integral membrane proteins with several vital functions are present in biological membranes. Among these membrane proteins, tail-anchored (TA) proteins gain importance because of their topology, biogenesis and functionality [@bib1]. Around 5% of the total membrane proteins in eukaryotes are TA proteins. TA proteins are a special class of proteins with a single pass C-terminal trans-membrane domain (TMD) and whole functional N-terminal domain facing towards the cytoplasm [@bib2]. TA proteins are found on several organelle membranes, involving in vesicular trafficking, redox reaction, apoptosis etc [@bib1]. Signal for the TA protein to reach the target is located in the TMD [@bib3]. Specific targeting is also determined by several factors such as overall hydrophobicity, length of TMD, physical and chemical properties of amino acid sequence etc. Since the targeting signal for the TA proteins is located at the C-terminal TMD, the co-translational signal recognition particle (SRP) mediated targeting pathway cannot function properly in this case. Hence, most of the TA proteins are targeted post-translationally. This targeting mechanism can be divided into two, (i) unassisted and (ii) assisted. In unassistant mechanisms, TA proteins do not require any assistant protein to reach the target location. But in the assisted mechanism, TA proteins require several chaperones to reach the specific target. In general, the assisted mechanism can further be classified into three types (i) SRP mediated (ii) HSP70/90 mediated and (iii) Get3 mediated [@bib4]. The involvement of Get3 in TA protein targeting was identified in recent years by several independent investigations. Most of the TA proteins follow GET pathway to reach their location. One of the well-studied pathway in yeast for efficient TA protein targeting is GET pathway. Get3 in yeast (mammalian homologue TRC40) has sequence similarity with *E. coli* ArsA. ArsA is included in nucleotide binding protein class, SIMIBI (SRP, MinD, BioD) [@bib5]. The GET pathway from yeast composed of several components that include Get1, Get2, Get3, Get4 and Get5. GET pathway gets initiated by the recruitment of sorting complex (sgt2/Get4/Get5) to the TMD of nascent TA proteins. This sorting complex transfers the appropriate TA proteins to Get3 ATPase. Get3 now targets the protein to endoplasmic reticulum (ER) membrane through Get1/Get2 complex [@bib6], [@bib7], [@bib8], [@bib9]. Get3 is the major component that connects pre- and post-targeting of TA protein complex.

Attempts to identify TA proteins computationally are done in eukaryotes and prokaryotes [@bib10], [@bib11], [@bib12], [@bib13], [@bib14]. Among eukaryotes, plant and animal systems differ mostly in the presence of differential number of compartmentalization due to the organelle variations including chloroplasts. Owing to this difference in the compartmentalization, plant cells are distinct from animal cells. In view of this, TA proteins are analysed in the plant systems in this study. The sequence analysis of bacteria predicted several TA proteins that possibly suggest the presence of TA proteins and its targeting mechanisms in chloroplast and mitochondria. TA proteins associated with the plant cell membrane were recently reviewed in *Arabidopsis thaliana* [@bib13]. Cytochrome b5 (Cb5) is a well-known example of TA proteins. In *A. thaliana*, at least five Cb5 proteins are present, of which, some are localized to ER and some are localized to chloroplast or mitochondria. Ascorbate peroxidase (APX) and monodehydroascorbate reductase (MDAR) are other TA proteins found in *A. thaliana*, as isoforms, working cooperatively in NADH dependent electron transport chain. Some of the functions of TA proteins include SNARE, disease resistance, transcription factor and protein translocation.

Recent studies show the function of GET pathway and TA proteins in *A. thaliana*. Yet, crop plants that are growing in stringent conditions are not investigated for the presence of TA proteins. In order to understand GET pathway in crop plants, this study highlights the analysis on selected two crop plants, *Oryza sativa* subsp. Indica (*O. sativa*) and *Solanum tuberosum* (*S. tuberosum*). These belong to monocot and dicot systems respectively. In this study, we have identified TA proteins in *Oryza sativa* subsp. Indica and *Solanum tuberosum* through *in silico* analysis. Predictions of functional and other physiological distribution of TA proteins and transmembrane domain analyses are performed. Also, the identified GET pathway components (cytosolic Get3, Get1 and Get4) have been modelled to explore the TA protein targeting pathway in these crop plants. This is the first study to predict the existence of TA proteins and its targeting pathway in *Oryza sativa* subsp. Indica and *Solanum tuberosum* via detailed *in silico* analysis. Hence, it forms the basis for further experimental characterization and elucidation of TA targeting mechanisms in plant systems.

2. Material and methods {#s0010}
=======================

2.1. Choice of plant systems {#s0015}
----------------------------

Major crop plants, *Oryza sativa* subsp. Indica (UniProt Taxon identifiers: 39946) and *Solanum tuberosum* (UniProt Taxon identifiers: 4113) were selected for the *in silico* analyses.

2.2. Identification of TA proteins in selected plants {#s0020}
-----------------------------------------------------

Complete proteome of *Oryza sativa* subsp. Indica and *Solanum tuberosum* were retrieved from UniProt [@bib15]. TMHMM and Phobius server [@bib16], [@bib17] were used to identify proteins with transmembrane domains (TMs) and proteins with single TM were selected (zero or more than 1 TM were rejected). Sequences were reanalysed to find out the protein with single TM at C-terminal within last 50 amino acids. Proteins thus obtained were further analysed using SignalP 4.1, Protein Prowler and TargetP 1.1 servers [@bib18], [@bib19], [@bib20]. Proteins with N-terminal signal peptides were identified using SignalP server and excluded from the analysis. Proteins without N-terminal signal peptides were selected for further analyses. Protein Prowler program was used to identify the proteins with secretory signal sequence. Proteins with a probability of more than 0.5 for secretory signal sequence were rejected. TargetP was used to identify secretory pathway signals and mitochondrial or plastidial targetting sequences. All the results were compared and analysed to select proteins that are not targeted by N-terminal signal and non-secretary.

2.3. Functional annotation of TA proteins {#s0025}
-----------------------------------------

Functional annotation of identified TA proteins of *O. sativa* and *S. tuberosum* was done using Blast2GO, a powerful annotation tool [@bib21]. Blast, mapping and annotation of TA proteins were performed according to Blast2GO instructions. Proteins with similar functions were segregated based on their GO annotations.

2.4. Analysis of predicted TA proteins {#s0030}
--------------------------------------

The length, molecular weight and amino acid sequence of the predicted TA proteins were retrived from Uniprot. The TM (Transmembrane) -region was predicted using Phobius and then the TM sequence and TM length was extracted from the protein sequence using R-script. For analysing the hydrophobicity of the total protein and the TM region of each TA protein, the Kyte-Doolittle score was calculated using the peptides package in R. Box plots for each of the parameters were plotted using R.

2.5. Identification of GET pathway component {#s0035}
--------------------------------------------

GET pathway members of *O. sativa* and *S. tuberosum* were identified by analysing the whole proteome with yeast and *A. thaliana* GET pathway proteins. Both the crop plants have multiple forms of Get3 and localized to different organelles. Get2 and Get5 were not observed in *O. sativa* and *S. tuberosum*. Domains were confirmed by InterPro analysis [@bib22].

2.6. Modelling of GET pathway proteins {#s0040}
--------------------------------------

Identified GET pathway components were modelled using MODELLER ver.9.17 [@bib23]. Yeast Get3 (PDB ID: 2WOO) was used as template to model all cytoplasmic Get3s of both *O. sativa* and *S. tuberosum* [@bib24]. The cytoplasmic domain of Get1 of both *O. sativa* and *S. tuberosum* were modelled using yeast Get1 (PDB ID: 3ZS8) as template [@bib6]. *Chaetomium thermophilum* Get4 (PDB ID: 3LPZ) and human TRC35 (PDB ID: 6AU8) were used as templates for modelling *O. sativa* Get4 and *S. tuberosum* Get4 respectively [@bib25], [@bib26]. Models with lowest discrete optimised protein energy (DOEP) scores were selected and further refined using GalaxyWeb server [@bib27]. Visualization and image processing of all models were performed using Pymol (<http://www.pymol.org/>).

3. Results {#s0045}
==========

3.1. Identification of TA proteins {#s0050}
----------------------------------

TA proteins were identified based on its definition. Proteome of *O. sativa* and *S. tuberosum* were downloaded from Uniprot. 37,383 and 53105 proteins were found in *O. sativa* and *S. tuberosum* respectively. Proteins with single TM were obtained after analysis though TMHMM and Phobius servers. 723 and 1287 membrane proteins are found in *O. sativa* and *S. tuberosum* respectively, after filtering the proteins with single TM at C- terminal, within 50 amino acids. From this list, proteins with N-terminal signal and secretion sequence were excluded. From 37,383 of total proteins from *O. sativa*, 508 are found to be TA proteins. Similarly for *S. tuberosum*, 912 proteins are found to be TA proteins from a total of 53105 proteins ([Table 1](#t0005){ref-type="table"}, [Supplementary File 1 and 2](#s0115){ref-type="sec"}).Table 1Number of TA proteins in O. sativa and S. tuberosum.Table 1Plant speciesTotal number of proteinsProteins with one TMDProteins with C-terminal TMDTail-anchored proteins*Oryza sativa* subsp. *Indica*37,3834379723508*Solanum tuberosum*5310550221287912

3.2. Organelle distribution of TA proteins {#s0055}
------------------------------------------

Organelle distribution of TA proteins was analysed for both *O. sativa* and *S. tuberosum* ([Fig. 1](#f0005){ref-type="fig"}A and B). In the case of *O. sativa*, out of 508 TA proteins, 88 proteins are found to be localized to chloroplast, 107 belong to mitochondria, 16 proteins belong to ER/golgi/secretary and for 297 proteins, the location was unknown. Similarly, in *S. tuberosum*, out of 912 TA proteins, 107 are localized to chloroplast, 128 belong to mitochondria, 28 localized to ER/Golgi/Secretary and 649 have unknown location. In both *O. sativa* and *S. tuberosum*, 3% of total TA proteins were found to be localized to ER. In *O. sativa*, 21% of total TA proteins are localized to mitochondria, that was higher than *S. tuberosum* mitochondrial TA proteins (14%).Fig. 1Organelle and functional distributions of TA proteins. Organelle distribution of (A) *O. sativa* and (B) *S. tuberosum* TA proteins. Biological process distributions of (C) *O. sativa* and (D) *S. tuberosum* TA proteins. Functional distributions of (E) *O. sativa* and (F) *S. tuberosum* TA proteins.Fig. 1

3.3. Functional distribution of TA proteins {#s0060}
-------------------------------------------

The identified TA proteins were grouped by functional similarity and their biological process. TA proteins have a vast variety of functional divergence. They function as SNARE, transcription factor, involved in disease resistance etc. The functional distribution of *O. sativa* and *O. sativa* TA proteins are shown in [Fig. 1](#f0005){ref-type="fig"}C-F. In the functionally known category, SNARE binding proteins were found to be higher for *O. sativa* and protein binding was found to be higher for *S. tuberosum*. In addition, TA proteins in *O. sativa* are majorly involved in vesicle fusion, protein transport, gene expression etc. Similarly, in the case of *S. tuberosum*, they are involved in vesicle-mediated transport, oxidation-reduction process, gene expression etc.

3.4. Molecular weight distribution of TA proteins {#s0065}
-------------------------------------------------

Most of the TA proteins have molecular weight below 50 kDa. On comparison, the molecular weight of TA proteins targeted to choloroplast of both *O. sativa* and *S. tuberosum*, have proteins that fall into same molecular weight scale. But in the case of mitochondrial TA proteins, *S. tuberosum* has proteins that have less molecular weights compared to *O. sativa* ([Fig. 2](#f0010){ref-type="fig"}A).Fig. 2Organelle wise analysis of identified TA proteins. TA protein\'s (A) molecular weight distribution, (B) trans-membrane length distribution, (C) hydrophobicity distribution and (D) trans-membrane hydrophobicity distributions were analysed and represented in box plot. Analyses of TA proteins were carried out in organelle wise. Os C - *O. sativa* chloroplast; Os M - *O. sativa* mitochondria; Os ER - *O. sativa* endoplasmic reticulum; Os U - *O. sativa* unkown location. St C - *S. tuberosum* chloroplast; St M - *S. tuberosum* mitochondria; St ER - *S. tuberosum* endoplasmic reticulum, St U - *S. tuberosum* unkown location.Fig. 2

3.5. Transmembrane domain analysis of TA proteins {#s0070}
-------------------------------------------------

In case of TA proteins, the transmembrane domain is the major determinant factor for their location. These transmembrane domains of TA proteins were analysed for their length, hydrophobicity and amino acid frequencies ([Fig. 2](#f0010){ref-type="fig"} B-D, [Fig. 3](#f0015){ref-type="fig"}).

3.6. Length distribution of TMD in TA protein {#s0075}
---------------------------------------------

The average length of the TMD was found to be 21 amino acids for most of the organelles in both *O. sativa* and *S. tuberosum*. In the case of *O. sativa*, maximum variation in length of TMD was observed in cytoplasmic TA proteins. But in the case of *S. tuberosum*, TA proteins belonging to ER has the maximum variation in their length ([Fig. 2](#f0010){ref-type="fig"}B).

3.7. Hydrophobicity of TMD in TA proteins {#s0080}
-----------------------------------------

Hydrophobicity of TMD and TA proteins of both *O. sativa* and *S. tuberosum* were estimated based on Kyte-Doolittle scores. Average hydrophobicity of TMD was found higher for *O. sativa* TA proteins. Among all TA proteins, TMDs of chloroplast TA proteins in *O. sativa* were predicted to have higher hydrophobicity. The lowest hydrophobicity score for TMD was observed in mitochondrial TA proteins of *S. tuberosum*, while overall hydrophobicity of TA proteins was found to be higher for *S. tuberosum* mitochondria ([Fig. 2](#f0010){ref-type="fig"}C and D).

3.8. Amino acid frequency in TMD of TA protein {#s0085}
----------------------------------------------

The global amino acid frequency for TMD of TA proteins was analysed. The frequency of leucine was found higher compared to other amino acids. Valine, isoleucine, alanine and phenylalanine were also found in major proportion ([Fig. 3](#f0015){ref-type="fig"}).Fig. 3Global amino acid frequency analysis of transmembrane domain of *O. sativa* and *S. tuberosum* TA proteins. Amino acid frequency in transmembrane domain of TA proteins present in (A) chloroplast, (B) mitochondria, (C) endoplasmic reticulum and (D) unknown locations are shown. Os C - *O. sativa* chloroplast; Os M - *O. sativa* mitochondria; Os ER - *O. sativa* endoplasmic reticulum; Os U - *O. sativa* unkown location. St C - *S. tuberosum* chloroplast; St M - *S. tuberosum* mitochondria; St ER - *S. tuberosum* endoplasmic reticulum, St U - *S. tuberosum* unkown location.Fig. 3

3.9. GET components in *O. sativa* and *S. tuberosum* {#s0090}
-----------------------------------------------------

GET pathway is well explored in yeast system. In case of plants, some recent studies were conducted in *Arabidopsis thaliana*. Compared to other organisms, plant species have several orthologues for Get3. Also, several GET Pathway members are not yet characterized. These details were not investigated in crop plants. The Pfam analysis shows that *O. sativa* has three Get3 orthologues under three genes. Similarly, in *S. tuberosum*, five Get3 sequences were present under five genes. Target locations of these Get3s were predicted using the TargetP server ([Table 2](#t0010){ref-type="table"}). Both the plant species have Get3 orthologues that belong to different organelles where ER, mitochondria and chloroplast are the main organelles.Table 2Get3 orthologues of crop plats, *O. sativa* and *S. tuberosum*.Table 2OrganismGeneGet3Location***Oryza sativa***OSI_32081B8BDK7Cytoplasm/EROSI_08661A2×8V0ChloroplastOSI_08919B8AIG1Mitochondria***Solanum tuberosum***102593399M1AE77Mitochondria102598603M1A9×9Cytoplasm/ER102598324M0ZFY4Cytoplasm/ER102580025M1AND2Cytoplasm/ER102581371M0ZJQ4Chloroplast

In *O. sativa*, ER TA proteins are targeted by a single Get3 (B8BDK7), but in *S. tuberosum*, three cytoplasmic Get3 (M1A9×9, M0ZFY4 and M1AND2) are present for targeting ER TA proteins. Both species have Get3 specifically for chloroplast and mitochondrial TA protein targeting. Besides Get3, Get1 and Get4 are also present in both species. But Get2 and Get5 were not found. The complete details of GET pathway members identified for both the plant species are given in [Table 3](#t0015){ref-type="table"}.Table 3GET pathway members of *O. sativa* and *S. tuberosum* are compared with yeast. All proteins are represented by their Uniprot ID.Table 3**ComponentYeast*****Oryza sativa****Solanum tuberosum*****Get1**YGL020CA2YAC8M0ZME5**Get2**YER083C----**Get3**YDL100CM1AE77B8BDK7M1A9×9A2×8V0M0ZFY4B8AIG1M1AND2M0ZJQ4**Get4**YOR164CB8ADF2M1ACL9**Get5**Q12285----

3.10. Structural analysis of GET pathway members in *O. sativa* and *S. tuberosum* {#s0095}
----------------------------------------------------------------------------------

To extend the understanding of GET pathway in *O. sativa* and *S. tuberosum*, we have modelled the structure of cytoplasmic Get3, Get1 and Get4 from both *O. sativa* and *S. tuberosum* ([Fig. 4](#f0020){ref-type="fig"}). *O. sativa* has single cytoplasmic Get3 while *S. tuberosum* has three cytoplasmic Get3s. Yeast Get3 (PDB ID: 2WOO) without any bound molecule (open form) was used as template for all the cytoplasmic Get3s. The structure of *O. sativa* cytoplasmic Get3 is much similar to yeast Get3 except at the C-terminal ([Fig. 4](#f0020){ref-type="fig"}A). In *S. tuberosum*, out of three cytoplasmic Get3s, M1AND2 and M0ZFY4 are similar to yeast Get3 ([Fig. 4](#f0020){ref-type="fig"}B). But M1A9×9 has a loop between β3 and α4 that is absent in yeast and other Get3s of *S. tuberosum*. Also, M1A9×9 has more amino acids compared to M1AND2 and M0ZFY4. All *S. tuberosum* cytoplasmic Get3 models have a disordered loop at C-terminal due to lack of the corresponding residue in yeast Get3.Fig. 4Structural models of identified GET pathway members of *O. sativa* and *S. tuberosum.* (A) Model of *O. sativa* cytosolic Get3(green) superposed with yeast Get3 (gray). (B)Models of *S. tuberosum* cytosolic Get3s M1AND2 (sky blue), M1A9×9 (brown) and M0ZFY4 (yellow orange) superposed with yeast Get3 (gray). (C) Models of *O. sativa* Get1 (split pea) and *S. tuberosum* Get1 (pale yellow) superposed with yeast Get1 (violet). (D) Models of *O. sativa* Get4 (lemon) and *S. tuberosum* Get4 (marine) superposed with yeast Get4 (aquamarine).Fig. 4

Cytosolic domain of Get1 was modelled for both *O. sativa* and *S. tuberosum* ([Fig. 4](#f0020){ref-type="fig"}C). In this analysis, yeast Get1 structure (PDB ID: 3ZS8) was used as template for model generation. Both signal sequence and trans-membrane domain were excluded for generating models. RMSD is found much higher for *O. sativa* Get1 with yeast Get1. *O. sativa* Get1 and *S. tuberosum* Get1 have RMSDs of 3 and 0.47 respectively with yeast Get1. Four helices were observed in the overall model of *S. tuberosum*, in comparison with yeast Get1 having two alpha helices with lowest RMSD. Also in *S. tuberosum* Get1, an additional α-turn is observed between α2 and α3. In *O. sativa* Get1 model, two α-helices were observed and a loop is present between two helices.

In addition, Get4 of both *O. sativa* and *S. tuberosum* were modelled ([Fig. 4](#f0020){ref-type="fig"}D). *Chaetomium thermophilum* Get4 (PDB ID: 3LPZ) and human TRC35 (PDB ID: 6AU8) were used as templates for modelling *O. sativa* Get4 and *S. tuberosum* Get4 respectively. These modelled structures were compared to yeast Get4. In yeast Get4, two β sheets are present between α11 and α12 but these are not present in both *O. sativa* and *S. tuberosum* Get4. In place of β- sheets, a loop is observed in both where loop length is small in *S. tuberosum* compared to *O. sativa*. The loop that connects α5 and α6 is longer in *S. tuberosum*. RMSD (7.2 and 2.6 for *O. sativa* and *S. tuberosum* respectively) in comparison with yeast Get4 is estimated in the analysis. By using such structure modelling analyses, this study provides insight into the deeper understanding of GET pathway mechanisms.

4. Discussion {#s0100}
=============

Though several computational and experimental studies are available to identify TA protein targeting pathways in different organisms including plant model of *A. thaliana*, there are no or very less report of detailed studies on crop plant available till date. TA proteins are distributed to almost all organelles of the cell. The presence of extra organelles in plants compared to other phyla makes the TA protein targeting more complex. In this study, we have identified and delineated the TA protein distribution and their GET components in two crop plants, *Oryza sativa* subsp. Indica and *Solanum tuberosum*. Though these selected crop plant species have more than 35,000 total proteins, the TA protein content of these plants accounts for less than 2%. The average length of TMD of TA proteins is predicted as 21 amino acids. Yet, the TMD length shows greater variations depending on the respective organelle membrane highlighting its organelle specificity.

Hydrophobicity pattern, amino acid composition and post-translational modification are also predicted to be influenced by the organelle specificity of TA proteins. In general, plants have more than one Get3s that are specific to different organelles. This is prevalent in our study and the number of Get3s also differs across the two plant species studied. *O. sativa* has three Get3s, while *S. tuberosum* has five Get3s as predicted by our analysis. Three out of five predicted Get3s are specific for ER TA protein targeting in *S. tuberosum*. 85% identify is observed between M0ZFY4 and M1AND2. But from modelling studies, M1A9×9 is different compared to both M0ZFY4 and M1AND2, having a loop between β3 and α4. The percentage existence of TA proteins in ER is more or less the same for both the plant species, yet the number of Get3s differ across them. This needs further experimental validation especially in case of *S. tuberosum* where three Get3s are predicted for ER. Besides these cytoplasmic Get3s, both selected crop plants have Get3s specific for mitochondria and chloroplast as well. Only one Get1 and Get4 are identified in both the plant species. Other components (Get2, Get5, Sgt2, Ydj1) that are known in yeast, are not present in these crop plants. Further studies are essential to validate the functioning of GET pathway in the absence of these unpredicted components in *O. sativa* and *S. tuberosum*. This study thus highlights the use of such predictive analyses in identifying the existence of TA proteins and therefore necessitates further experimental characterization of GET mediated TA protein targeting mechanisms.
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